Actinobacillus actinomycetemcomitans (AM.) is highly implicated in periodontitis. We have developed several in vitro models using the KB oral cell line to examine A.a.-epithelial cell interactions. In support of the use of KB cell line model systems is our finding that A.a. invaded KB and primary gingival cells to the same extent. Invasion is an active event which requires new protein synthesis by both KB and A.a. Like many other intracellular parasites, A.a. invade by receptor-mediated endocytosis. We observed that internalized A.a. were surrounded by foci of actin which had been transported from the periphery of the KB cell. Adhesion of A.a. to KB cells occurred rapidly and stimulated the formation of microvilli. Adhesion is affected by both host factors (saliva, serum, [NaCl]) and culture conditions. Multiple determinants [fimbriae, outer membrane proteins, vesicles, and/or an extracellular amorphous material (ExAmMat)] which are either associated with the A.a. surface or are released into the milieu are involved. We determined that ExAmMat can convey adhesiveness to weakly adherent A.a. and to at least one other oral species {Streptococcus parasanguis).
T he capnophylic coccobacillus
Actinobacillus actinomycetemcomitans has been strongly implicated in the pathogenesis of juvenile and adult periodontitis (Zambon, 1985) . This organism has also been associated with systemic infections such as endocarditis and soft-tissue abscesses. Analysis of several case studies suggests that the periodontium serves as the source of these organisms (Kaplan etal, 1989) .
Many micro-organisms have characteristic diseasepromoting properties called virulence factors (Mims, 1987) . Chief among these are the adhesins used by the organism in the early events in the infectious process to attach to specific receptors on mucosal surfaces (Beachey, 1980) . The epithelial cells on these surfaces are formidable barriers to further infection. Some organisms have overcome this barrier by penetrating the non-phagocytic epithelial cell (for review, see Moulder, 1985; Falkow, 1988, 1989) . Once inside the cell, the bacteria are sequestered from host defenses and antimicrobial substances present on the mucosal surfaces. Non-specific host defense mechanisms are avoided, and the organisms can grow in a nutritionally rich environment free of competing organisms. Non-invasive mutants of Salmonella are unable to establish infection when the organisms enter by the normal fecal-oral route of entry but are virulent when injected directly into the bloodstream (Galan and Curtiss, 1989) . These data substantiate invasion as a virulence factor.
It is not clear how periodontopathogens maintain themselves in the oral cavity. Obviously, attachment to oral surfaces plays a significant role. We propose that invasion of the cells of the epithelium is another mechanism used by oral bacteria to maintain themselves in the oral cavity and to spread to tissues beyond the oral cavity. This idea is supported by clinical observations of diseased tissues from patients with periodontitis, which led to the suggestion, in 1905, that oral bacteria can invade oral tissues (Goadby, 1907) . Over the intervening years, several investigators reported internalized bacteria within the gingival tissues of patients with gingivitis and periodontitis (Turner and Drew, 1918-19; Beckwith et al., 1927; Ray and Orban, 1948) . During the 1960's and 1970's, it was again suggested that bacteria invade the oral epithelium. Electron microscopic studies revealed bacteria in the gingival epithelium, basal stratum, the connective tissue beneath the basal lamina, and along the alveolar bone (Saglie, 1977) . The presence of bacteria in the tissues was always higher in samples from diseased sites. Saglie et at. (1982) noted bacteria invading the epithelial wall and later reported (Saglie and Elbaz, 1983) that bacterial invasion of the soft periodontal tissues was a common finding in advanced periodontitis. Most importantly, bacteria were in specific intracellular locations and presented a definite pattern of penetration. In two studies, immunofluorescence was used to identify A. actinomycetemcomitans as the observed intracellular Gram-negative rods (Saglie et al., 1982; Christersson et al., 1987) . Continued studies were hampered by the lack of a good in vitro model system. Infection of tissue culture monolayers is a simple in vitro system that mimics invasion of epithelial cells in vivo and has been correlated with virulence (Gianella et al., 1973) . With this model system, it has become apparent in the last few years that several important periodontopathogens (A. actinomycetemcomitans, [Meyer et al., 1991; Sreenivasan et al., 1993; Fives-Taylor et al., 1994] ; Porphyromonas gingivalis [Duncan et al., 1993] , and Treponema denticola [Ellen et al., 1993] ) penetrate cultured epithelial and fibroblast cells of the gingiva (for review, see . Furthermore, both A. actinomycetemcomitans and P. gingivalis (Lamont et al, 1992) have been shown to invade primary cultures of gingival epithelial cells, further supporting the hypothesis that invasion is a virulence factor.
INVASION OF THE KB CELL LINE BY A. actinomycetemcomitans
The penetration of A. actinomycetemcomitans into KB cells, a human oral epidermoid carcinoma cell line, has been demonstrated by the quantitative cell culture assay, with gentamicin used to kill external cells (Meyer et al., 1991) . The frequency of invasion by A. actinomycetemcomitans is comparable with the invasion of other cultured cells by known invasive micro-organisms. A. actinomycetemcomitans invasion was not limited to SUNY 465, the test strain used in those studies. Examination of clinical and laboratory isolates from different regions of the country shows that 24% of the isolates are invasive. Invasiveness is associated with smooth colony morphology, although this alone is not sufficient to confer the invasive phenotype, since some smooth isolates do not invade. One might question the significance of invasiveness in vivo when A. actinomycetemcomitans is usually in the rough phenotype when isolated from patients. Fimbriae have been associated with the rough phenotype (Rosan et al., 1988) , and the fimbriae probably confer adhesive characteristics upon the organism. The organisms adhering to the epithelial surface are those most likely to be isolated. Many virulence genes are regulated by environmental conditions and can be expressed in a coordinated fashion at various times in the colonization process. This suggests that A. actinomycetemcomitans expresses fimbriae for attachment and down-regulates fimbrial expression prior to invasion. SDS-PAGE profiles of smooth and rough variants of the same strain reveal distinct polypeptide differences. However, absorption of anti-smooth whole cell sera with the rough variant removed all antigenic activity, which suggests that the distinct polypeptides must have epitopes in common with the rough variant (Sreenivasan, 1993) .
The degree of invasion by A. actinomycetemcomitans is greater in KB cells than in cells of non-oral origin (Meyer et al, 1991) . We determined that the efficiency of invasion of human primary gingival epithelial cells (Bobo et al, 1993 ) by A. actinomycetemcomitans was even higher than that of epithelial cell lines. The fact that A. actinomycetemcomitans invaded human primary gingival cells supports a role for A. actinomycetemcomitans invasion in vivo and the use of the oral KB cell line as a model system for invasion. stage of bacterial growth on invasion frequency. Bacteria were suspended from an overnight culture into trypticase soy broth with 0.6% yeast extract. The culture was incubated at 37°C in the presence of10% COŜ amples were taken every two hours and assayed at a multiplicity of infection of 1000 to 7, with the standard quantitative invasion cell culture assay used (Meyer et al., 1991) .
A. actinomycetemcomitans invades the epithelial cells by receptor-mediated endocytosis . The process is inhibited by cytochalasin-D, a potent inhibitor of microfilament formation, suggesting that actin plays a role in the internalization process. Recent experiments in our laboratory showed that internalized A. actinomycetemcomitans caused actin to be transported from the periphery of the KB cell to foci surrounding the bacterium (Fig. 1) . These data suggest that epithelial cell invasion by A. actinomycetemcomitans parallels that noted for Salmonella (Galan et al, 1992) and Yersina (Rosenshine et al, 1992) , whereby the bacterium subverts normal host cell function and triggers host cell signal transduction pathways.
In the very early stages of invasion, the organism is surrounded by an endosomal vacuole of the KB cell that disintegrates, releasing the organisms into the cytoplasm . Invasion is an active process . Both the KB cells and the bacteria must be metabolically active. Invasion does not occur at 4°C, and inhibition of either glycolysis or oxidative phosphorylation inhibits invasion. Interestingly, new protein synthesis in both the KB cells and bacteria is required, suggesting that a signaling mechanism of some kind may be involved . We recently optimized the conditions for invasion and determined that invasion by A. actinomycetemcomitans was most efficient when the cells were in the early-logarithmic phase of growth (Fig. 2) .
Many internalized parasites and toxins require endosomal acidification for activation following entry into the host cell (Moulder, 1985) . The addition of lysosomotropic agents that inhibit endosomal acidification has no effect on A. actinomycetemcomitans invasion . This conclusion was confirmed with use of KB-R2A cells, KB cells defective in endosomal acidification. The degree of invasion of A. actinomycetemcomitans into KB-R2A cells is similar to that observed for wild-type KB cells. These data also suggest that A. actinomycetemcomitans is able to survive the acidic environment of the vacuole.
Most invasive bacteria adhere in a specific manner to eukaryotic cells prior to invasion. A. actinomycetemcomitans adheres tenaciously to KB cell monolayers, and attachment is necessary for invasion to proceed . Pre-treatment of KB cells with killed A. actinomycetemcomitans inhibits invasion. The association of the bacterium with the KB cell stimulates the latter to form numerous microvilli. Electron microscopy of the infected KB cells shows many bacteria attached to microvilli of the cells . The relationship between A. actinomycetemcomitans invasion and adhesion mechanisms remains to be determined. To date, we have two lines of evidence which suggest that A. actinomycetemcomitans invasion and adhesion mechanisms do not share a common antigen. First, immune serum to A. actinomycetemcomitans SUNY 465 has little or no effect on adhesion, but decreases its invasion markedly . Second, we have cloned a DNA fragment which is associated with invasion but not adhesion of A. actinomycetemcomitans (Meyers al, 1995) .
ADHESION OF A. actinomycetemcomitans TO KB EPITHELIAL CELLS
Bacterial adhesion to eukaryotic cells is mediated by surface components collectively known as adhesins. Adhesins are typically protein structures found on the surface of the bacterium that interact with a host receptor (Finlay and Falkow, 1988) . Bacteria may express several distinct and alternate means of cell attachment. These alternate mechanisms may be expressed by the bacterium under different environmental and host conditions. These results suggest that the specificity of adhesion to a host may be dependent on the coordinate expression of these bacterial adhesins (Finlay and Falkow, 1988) . The parameters of A. actinomycetemcomitans adhesion to epithelial cells were assayed by use of the KB oral cell line. Three assays were developed because of the inherent limitations of the individual assays under the conditions tested . The assays were: (1) a viability assay enumerating the colony-forming units (CFUs) associated with the viable KB cells ; (2) an enzyme-linked immunoadsorbent assay (ELISA) with polyclonal antibodies directed to A. actinomycetemcomitans strain SUNY 465 ; and (3) addition of [ 3 H]thymidinelabeled bacteria to glutaraldehyde-fixed cells .
The adhesion of A. actinomycetemcomitans to KB cells occurs rapidly and is detected within ten minutes after the addition of the bacteria . Maximal binding occurs after one hour of incubation at 37°C. A. actinomycetemcomitans adhere to KB cells at a variety of temperatures (4°C, 22°C and 37°C), although adhesion is markedly better (from 4-to 40-fold) at 37°C than at 4°C .
Host factors in the oral cavity, such as physiological fluids, may influence the adhesion of A. actinomycetemcomitans to epithelial cells. Pre-treatment of SUNY 465 with pooled human saliva before addition to the monolayer results in a significant decrease in the number of bacteria binding to the monolayer . The inhibition by saliva is dose-dependent. KB cells pre-treated with saliva prior to the addition of bacteria do not inhibit adhesion. These data suggest that saliva may coat the bacterial surface and prevent its interaction with the host cell. Addition of human plasma to the assay mixture also reduced adhesion . Bacterial adhesion to the oral epithelium must be able to withstand the changes that occur in the oral cavity, the pH of which changes drastically with the intake of various nutrients. Adhesion of A. actinomycetemcomitans is not affected between pH 5 and 9. However, more alkaline conditions result in a decrease in adhesion. In contrast to the effect on adhesion by pH, adhesion is very sensitive to the concentration of NaCl present in the assay mixture . There is a dramatic decrease in the number of bacteria that adhere to KB cells when the NaCl concentration is raised above physiological levels (0.15 mol/L NaCl). These results suggest that ionic interactions play an important role in adhesion of A. actinomycetem- VOL.9(1) ADHESION AND INVASION OF A.a. Culture conditions also affect adhesion . Adhesion of A. actinomycetemcomitans to KB epithelial cells is greater after growth in broth than after growth on agar, and cells grown anaerobically adhere better than those grown under aerobic conditions. The phase of growth also affects adhesion. Whereas some strains adhere to a greater extent when harvested during exponential growth, others adhere better when harvested in stationary phase. Culture conditions also affect the morphology of A. actinomycetemcomitans . When grown under anaerobic conditions, A. actinomycetemcomitans are more fimbriated than when cultured in the presence of CO 2 (Scannapieco et ah, 1987; Rosan et a/., 1988; Meyer and Fives-Taylor, 1994) . The presence of fimbriae gives the bacteria a rough morphology, the morphological type that is associated with fresh isolates. Subculture in the laboratory under various conditions results in a conversion of the rough phenotype to a smooth morphology. Smooth-to-rough variant shifts have also been observed (Meyer et al., 1991) . The smooth phenotype contains fewer fimbriae than the rough, yet both forms adhere to epithelial cells. A. actinomycetemcomitans grown anaerobically on agar (instead of broth) are rough variants with fimbriae that show increased adhesive activity. Although fimbriae may be one mechanism for adhesion of A. actinomycetemcomitans, these data support the hypothesis that other mechanisms may exist.
The smooth-surfaced A. actinomycetemcomitans variants have little or no fimbriation, yet they can adhere to epithelial cells. Electronmicroscopic studies show that the surfaces of some variants have vesicular material that is present as fibrillar membranous extensions with knob-like ends, termed membrane vesicles (MemVes), or as small round vesicles or blebs, termed extracellular vesicles (ExVes). Leukotoxin, a highly significant A. actinomycetemcomitans virulence determinant, is associated with the vesicle material (Lai et ah, 1981) . A. actinomycetemcomitans which are associated with ExVes exhibit increased adhesion . A. actinomycetemcomitans release ExVes into the culture medium, and the addition of this material to weakly adhering A. actinomycetemcomitans strains increases the adhesion of those strains to KB epithelial cells . It is our hypothesis that the ExVes serve as adhesive vehicles for the precise delivery of their toxic material, e.g., leukotoxin .
Extracellular amorphous material (ExAmMat) is associated with smooth A. actinomycetemcomitans strain SUNY 75(S) after aerobic growth in broth. This material can be removed by washes with phosphate-buffered saline. Removal of the ExAmMat reduces the number of bacteria which adhere to the epithelial cells. In addition, adhesiondeficient A. actinomycetemcomitans strains which are suspended in ExAmMat exhibit increased adhesion to the epithelial cells . We have termed this phenomenon ExAmMat-conveyed adhesion. NaCl concentration greater than 0.15 mol/L.
These results suggest that ExAmMat can mediate the adhesion of A. actinomycetemcomitans to epithelial cells. Studies were carried out to characterize the nature of ExAmMat-conveyed adhesion. Standard assays for the determination of bacterial adhesion to epithelial cells often use epithelial cells which have been fixed with glutaraldehyde, a process which does not alter adhesion characteristics (Ofek et al., 1986) . A. actinomycetemcomitans strain 652 adhered to viable and glutaraldehyde-fixed cells to roughly the same extent, about five-fold greater than to glass (Table 1) . ExAmMat-treated A. actinomycetemcomitans strain 652 adhered marginally better to glutaraldehyde-fixed KB epithelial cells than to viable cells, whereas ExAmMat treatment increased adhesion of strain 652 to glass over 35fold (Table 1) . Adhesion of Streptococcus parasanguis FW 213 (formerly Streptococcus sanguis FW 213) to both KB cells and glass was increased substantially (from 3-to 4.5fold) after suspension in ExAmMat (Table 1 ). Electron microscopy revealed that after suspension in ExAmMat, the surfaces of both A. actinomycetemcomitans strain 652 and 5. parasanguis strain FW 213 were associated with large amounts of extraneous material (Fig. 3) . These data provide evidence that the adhesion-enhancing activity associated with A. actinomycetemcomitans ExAmMat is intrinsic to the bacterium and that it is not an effect on the epithelial cell. They also show that ExAmMat-conveyed adhesion probably results from the direct transfer of ExAmMat onto the bacterium. When strain 652 becomes associated with ExAmMat, it exhibits the adhesion characteristics of strain SUNY 75 (S), the strain from which the ExAmMat was derived, in that it now adheres better to glass than to KB cells. In short, ExAmMat provides adhesion-deficient bacteria with the means to adhere to both epithelial cells and, most likely, other oral surfaces. Thus, A. actinomycetemcomitans which produce ExAmMat have the potential to contribute to the colonization of other oral pathogens.
The data presented suggest that several mechanisms for adhesion of A. actinomycetemcomitans to epithelial cells exist. The "adhesins" are either associated with the bacterial surface or released into the milieu in the form of vesicles. Hence, the role of the outer membrane proteins of A. actinomycetemcomitans in adhesion to epithelial cells was investigated. [ 3 H]thymidine-labeled bacteria were treated with proteases, aliquots were removed at timed intervals, enzyme activity was inhibited with trypsin-chymotrypsin inhibitor, and the bacteria were assayed. Treatment of the bacteria with either trypsin or chymotrypsin resulted in a 40-50% decrease (compared with control) in the number of bacteria bound to the monolayer . ExAmMat is proteinaceous (preliminary purification indicates that it has both a protein and carbohydrate moiety), and its adhesive activity decreases if protease inhibitors are not added to the preparations . These data support the finding that at least some of the adhesins are proteinaceous.
In summary, we have demonstrated that adhesion of A. actinomycetemcomitans to epithelial cells involves multiple determinants. The adhesins that mediate adhesion are associated with the outer membrane of the bacterium or are released into the medium as ExAmMat or ExVes. The identities of these molecules are unknown, and the relationship between the bound and secreted adhesion molecules has yet to be determined. Whether either ExAmMat or ExVes is involved in invasion-associated attachment awaits further investigation. The parameters which affect A. actinomycetemcomitans adhesion are summarized in Table 2 .
FUTURE DIRECTIONS
Recombinant DNA techniques have been instrumental in the analysis of virulence factors in a variety of bacterial systems (Isberg and Falkow, 1985; Macrina et al., 1990) . The ability to apply molecular genetic tools to the analyses of A. actinomycetemcomitans virulence factors will enable us to dissect the pathogenic bases of this bacterial species. The isolation and subsequent mutagenesis of genes involved in invasion and adhesion will allow us to construct well-defined isogenic mutants in both processes. Therefore, the importance of their role in virulence can be determined and factors involved in the expression of these genes elucidated. The molecular study of the virulence factors of A. actinomycetemcomitans has been limited due to the unavailability of systems for genetic transfer, transposon mutagenesis, and gene complementation, all of which require the ability to introduce the DNA back into A. actinomycetemcomitans.
Our isolation of cryptic plasmids from A. actinomycetemcomitans facilitated the construction of shuttle plasmids with origins of replication for both A. actinomycetemcomitans and Escherichia coli (LeBlanc et al, 1993) .
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five strains of A. actinomycetemcomitans by electrotransformation (Sreenivasan et ah, 1991) . Subsequent analyses of the stability of one of these plasmids (pDL282) indicated that it was not stable in A. actinomycetemcomitans and therefore had limited use as a cloning vector . A. actinomycetemcomitans specifically deleted portions of the plasmid, resulting in two unique deletion derivatives, pPKl and pPK2. The plasmid pPKl is still a shuttle plasmid, but is smaller and remains stable in both E. coli and A. actinomycetemcomitans.
Using molecular techniques, we have identified two E. coli clones containing distinct fragments of A. actinomycetemcomitans DNA that confer to E. coli the ability to attach to KB cells and another clone with a DNA fragment that permits E. coli to invade the KB cell line. These exciting data await further analyses. The actual genes involved in these processes have not yet been localized.
